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Introduction
Hypogl ycemia is the most common adverse event in type 1 diabetes mellitus (T1DM). While strict glucose control significantly reduces the overall risk of diabetesrelated complications, it also increases the risk for severe hypo-glycemia. 1 Normal brain metabolism depends entirely on continuous glucose supply, and accordingly, the brain is particularly vulnerable to hypoglycemia. One indicator of brain function is the electroencephalogram (EEG). The effect of acute hypoglycemia on the EEG was demonstrated already in 1956 by Regan and BrowneMayers. 2 This was confirmed by other investigators who studied EEG changes during insulin-induced hypoglycemia in T1DM patients. 3, 4 Pramming and coauthors 4 found that the EEG was unaffected when the blood glucose concentration was above 3 mmol/liter. Following a gradual decline in blood glucose, the EEG changes became apparent in all patients. At a median blood glucose concentration of 2.0 mmol/liter, the alpha activity (8) (9) (10) (11) (12) Hz) decreased while the theta activity (4-8 Hz) increased, reflecting a cortical dysfunction. Importantly, a normal EEG was reestablished when the blood glucose concentration exceeded 2.0 mmol/liter. Thus the authors hypothesized a "glucose threshold" for normal brain function to exist.
We have shown that EEG changes occur before deterioration of cognitive functions in the majority of cases of T1DM patients exposed to insulin-induced hypoglycemia. 5 A number of studies have further characterized the EEG changes associated with hypoglycemia. [6] [7] [8] [9] [10] Some discrepancy exists with respect to the spatial location of the EEG changes and the persistence of these changes after restoration of euglycemia. However, it is well established that hypoglycemia is associated with an increased power in the low-frequency bands.
Long duration of diabetes, sleep, and recurrent and recent antecedent hypoglycemia all tend to reduce the hormonal counterregulation in acute hypoglycemia. 11 However, which factors may influence the hypoglycemia-associated EEG changes is not well described.
The aim of our series of insulin-induced hypoglycemia experiments on T1DM patients is to develop an EEGbased mathematical algorithm for detecting hypoglycemia. Ultimately, this shall be incorporated into a portable alarm device and warn patients about impending severe hypoglycemia. This prediction should be timely in order for the patient to react to the alarm, thereby avoiding severe events. If such an alarm device should be applicable for T1DM patients without extensive individual calibration of the algorithm, the described EEG changes must be generally occurring, irrespective of patient-specific factors. Accordingly, the aim of the present study was to analyze EEG changes during insulin-induced hypoglycemia in T1DM patients and, in particular, to assess if these EEG characteristics depend on patient factors such as age, gender, duration of diabetes, and hypoglycemia awareness status.
Methods

Database Description
The data applied in this study is pooled from a total of five different protocols conducted between 2003 and 2011 at the Department of Endocrinology, Odense University Hospital; the Department of Medicine, Sydvestjysk Sygehus, Esbjerg; and the Department of Cardiology, Nephrology, and Endocrinology, Hillerød Hospital, Hillerød. It includes a total of 34 patients exposed to insulin-induced hypoglycemia. Table 1 lists the patient characteristics. All protocols have been approved by the local ethical committees and comply with the Declaration of Helsinki. In all cases, the study subjects were given oral and written information about the study procedures and signed informed consent. Although the protocols had different aims and different setups, the study procedures were comparable with respect to induced hypoglycemia procedure and EEG recording. The induced hypoglycemia experiments were performed at daytime. During all experiments, the subjects were awake, resting in a chair with eyes open, sometimes reading or talking. The patients In a few cases, hypoglycemia was induced by intramuscular injection of Novorapid ® 8 iU given with 12 mm cannula in the medial vastus muscle (both insulins supplied by NovoNordisk, Bagsvaerd, Denmark). In a few other cases, the plasma glucose level was adjusted by glucose infusion, while having a constant rate of insulin infusion (1 mU/kg/min). Plasma glucose was measured every 5 min by a Beckman Glucose Analyzer (Beckman, Palo Alto, CA) or a YSI 2300 STAT (YSI Inc., Yellow Springs, OH). The insulin/glucose infusion rate was adjusted to achieve a steady fall in plasma glucose of 4-5 mmol/liter/h or, in case of intramuscular insulin, supplemented with extra insulin according to the investigator's decision. The hypoglycemia episode was ceased when plasma glucose was lower than 1.8 mmol/liter at two consecutive measurements, if the patient was obviously cognitively impaired, or at the demand of the patient or the investigator.
Procedures for Electroencephalogram Analysis
For each subject, quantitative electroencephalogram (qEEG) measures were calculated from both euglycemic and hypoglycemic EEG. Thirty minutes of consecutive EEG from the beginning of the experiment (plasma glucose > 5.0 mmol/liter) represent the euglycemic state, while 5 min of consecutive EEG at the glycemic nadir represent the hypoglycemic state (see Figure 1) . The EEG signals were bandpass filtered (0.5-32 Hz). Based on visual inspection of the overall EEG patterns, the EEG signal quality was considered very good For each subject, the power spectral density of the euglycemic and hypoglycemic sequences was estimated using Welch's method applied to 4 s Hamming-windowed epochs with 50% overlap and a 0.25 Hz resolution. From these, average amplitude spectra were calculated (from the square root of the power), each of which was then subdivided into four traditional frequency bands: delta (1-3.75 Hz), theta (4-7.75 Hz), alpha (8-12. 75 Hz) and beta (13-30 Hz). For each band, the absolute amplitude and the centroid frequency were calculated. The absolute amplitude was determined using a numerical integration technique applying the trapezoidal rule. The centroid frequency was defined as the center of gravity of each frequency band that subdivides the area under the spectral curve into two of equal size. Although conceptive, the EEG band split may be somewhat artificial.
A dominant peak in the alpha band may be transferred to a dominant peak in the theta band by just a slight slowing of the frequency. Accordingly, the peak frequency in a unified theta and alpha band (5-12.75 Hz) was also determined. Signal processing has been conducted in Matlab 7.12.0 (R2011a).
Statistical Analysis
The fact that spectral EEG characteristics differ across subjects 13 made us conduct within-patient analysis, comparing hypoglycemia versus normoglycemia changes in each qEEG measure.
Before subdividing the data to elucidate potential group differences, the total data set was analyzed, comparing EEG during normoglycemia and hypoglycemia. One-sample paired Student's t-tests for zero mean of hypoglycemia versus normoglycemia changes were applied for normally distributed qEEG measures (centroid frequency measures and absolute amplitudes after log transformation). The nonparametric Wilcoxon signed rank test for zero median was performed on the theta-alpha peak frequency measure.
Subsequently, to investigate whether the EEG changes associated with hypoglycemia differ across subpopulations, two-sample Students t-tests were conducted, comparing the mean of the paired hypo-normo changes of different subpopulations. Similarly, the Wilcoxon rank sum test was applied for the theta-alpha peak frequency measure and in case the subpopulation split resulted in a group size of less than 10 subjects. Table 3 lists the results of the total data set analysis, which compared EEG during normoglycemia and hypoglycemia. An increase in the log amplitude of the delta, theta, and alpha band and a decrease in the alpha band centroid frequency and the peak frequency of the unified theta-alpha band constituted the most significant hypoglycemia indicators (all p < .0001). Furthermore, the centroid frequency of the delta band increased, whereas that of the beta band decreased (p < .05). Table 4 shows the results of the analyses, clarifying whether hypoglycemia-related qEEG changes differ when stratified by gender, age, duration of diabetes, and diabetes awareness status. Overall, the hypoglycemia-associated EEG changes proved to be stable across subgroups (indicated by nonsignificant p values). However, a few exceptions were demonstrated. The log amplitude of the theta band increased more in female subjects than in male subjects (0.91 ± 0.34 versus 0.68 ± 0.28; p < .05). When stratified according to diabetes awareness status, the alpha and beta centroid frequency decreased more during hypoglycemia for patients with preserved awareness than those with impaired awareness (p < .05 and p < .01, respectively). The beta log amplitude seemed to decrease for aware patients, whereas it increased for patients with impaired awareness (p < .05). No differences in the qEEG measures changes were observed when data were stratified according to age or duration of diabetes.
Results
Discussion
The purpose of our ongoing studies is to develop a hypoglycemia alarm based on continuous measurements of EEG and automated real-time analysis. Iaione and Marques 14 published the development of an automated algorithm using digital signal processing and artificial neural networks with the aim of developing a hypoglycemia detector system. They achieved a fair performance, but to our knowledge, the concept was not commercialized. Our aim is to develop a portable real-time hypoglycemia alarm device for T1DM patients with hypoglycemia unawareness. For such a device to be suitable for clinical use, it must fulfill a number of criteria: it must have a high sensitivity and an infrequent occurrence of false positive alarms, it must be suitable for long-term use with minimal discomfort for the patient, and, preferably, it should require little or no calibration.
One of our initial insulin-induced hypoglycemia studies demonstrated that the majority of patients develop EEG changes ahead of cognitive deterioration. 5 By repeating the experiments in a subgroup of the patients, the presence of an individual glucose threshold for EEG changes was confirmed. In another study, the concept of a real-time alarm device was tested. 15 We found that most patients received an alarm in proper time to take action and were able to prevent impending severe hypoglycemia by carbohydrate intake. The study was carried out both during daytime and sleep, underscoring that it was possible to differentiate the characteristic EEG sleep patterns from hypoglycemia-associated EEG changes. If an alarm device shall be used without extensive individual calibration, it is of utmost importance that the hypoglycemia-associated EEG changes are similar in all patients. A large data set is required to address this issue. Therefore, in this article, we have pooled data from different trials conducted so far. This gathering of data from different protocols, none of which is recorded for the actual purpose of this study, constitutes a weakness of the present study.
However, the hypoglycemia induction procedure was similar in all protocols. Additionally, EEG signals recorded with subcutaneous and cup/cap electrodes are comparable regarding amplitude and frequency distribution. We have conducted a number of parallel recordings confirming this during our development. Furthermore, for each patient, the normoglycemic and hypoglycemic EEG sequences were part of one continuous recording, thereby being conducted during the exact same circumstances. Accordingly, the significant and stable changes in the qEEG variables are unlikely to be caused by differences in study procedures. If anything, it may tend to obliterate differences, underscoring the fact that qEEG changes are not dependent on procedure. We found that hypoglycemia-associated EEG changes are independent of age and duration of diabetes.
Regarding gender, a significant difference in an important hypoglycemia indicator was found since a larger increase of absolute amplitude in the theta band in female subjects compared with male subjects was demonstrated. However, taking into account the small difference as compared with the hypoglycemia versus normoglycemia, this is likely to be caused by multiple testing. In a previous study in T1DM patients conducted during euglycemic condition, it was demonstrated that female gender is associated with higher values of delta power. 16 Age, age at diabetes onset, and duration of diabetes has been shown not to influence the baseline EEG in diabetes subjects. 16 With respect to hypoglycemia awareness status, we found some qEEG change discrepancies across the subgroup (beta amplitude, alpha and beta centroid frequency). Bendtson and coauthors 6 found that only patients with abolished glucagon release expressed hypoglycemiarelated EEG changes and suggested that glucagon has a protective action on the brain during hypoglycemia. Although the awareness status of the patients was not given in that study, it may be assumed that the glucagon nonresponders were also the patients with impaired awareness of hypoglycemia. Earlier, we found that EEG changes were independent of glucagon release. 5 In a study of nondiabetic patients, insulin-induced hypoglycemia was ceased either by glucose or glucagon injection. In accordance with our observation, no protective effect of glucagon on EEG changes was found. 17 From the data in the present study, it is not possible to explain the EEG response difference between patients with unawareness and patients with sustained awareness. Because this difference seems independent of age, duration of diabetes, and glucagon response, unawareness and altered hypoglycemia-associated EEG changes may share a rather common course. The hypoglycemia alarm device will be directed primarily toward patients suffering from unawareness. However, since awareness status is likely to be a dynamic rather than permanent condition, it will be necessary to look closely at potentially dynamic differences in hypoglycemia-associated EEG changes. Such is the focus of ongoing studies.
It remains controversial whether patients with diabetes have EEG aberrations as compared with nondiabetic individuals during euglycemia conditions. Previous reports have demonstrated a significant loss of fast oscillations (alpha and beta activity) in the posterior temporal regions of diabetes patients. 16 In another published study, however, EEG was recorded during childhood diabetes and was repeated in adulthood 16 years later. 18 The data were stratified according to the prevalence of severe hypoglycemia during childhood. This prospective study, which can be assumed to be sensitive with regard to long-term consequences of severe hypoglycemia, failed to confirm the prevalence of persistent EEG changes. Therefore, the detected EEG changes must be ascribed to the acute hypoglycemia.
Conclusions
Highly significant EEG changes occur during hypoglycemia irrespective of age, gender, duration of diabetes, and hypoglycemia awareness status. This holds promise that a general algorithm for hypoglycemia detection can be established.
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